The Dobzhansky-Muller model posits that intrinsic postzygotic reproductive isolationthe sterility or lethality of species hybrids-results from the evolution of incompatible epistatic interactions between species: favorable or neutral alleles that become fixed in the genetic background of one species can cause sterility or lethality in the genetic background of another
Speciation often involves the evolution of intrinsic postzygotic reproductive barriersincluding the sterility and inviability of hybrids-that limit the potential for genetic exchange between populations or species (DOBZHANSKY 1937; COYNE and ORR 2004) . Hybrid sterility and inviability in animals are usually caused by incompatible gene interactions: often functionally divergent genes from one species are incompatible with interacting genes from another species. Many studies have mapped such hybrid incompatibility genes to small chromosomal regions (NAVEIRA and FONTDEVILA 1986; PANTAZIDIS et al. 1993; CARVAJAL et al. 1996; HOLLOCHER and WU 1996; TRUE et al. 1996; SAWAMURA and YAMAMOTO 1997; NAISBIT et al. 2002; PRESGRAVES 2003; TAO et al. 2003; SLOTMAN et al. 2004; MOYLE and GRAHAM 2005; SWEIGART et al. 2006; MASLY and PRESGRAVES 2007; GOOD et al. 2008) and, in several cases, identified the causative genes. These studies reveal that hybrid incompatibilities can involve functionally divergent protein-coding genes (TING et al. 1998; BARBASH et al. 2003; PRESGRAVES et al. 2003; BRIDEAU et al. 2006; PHADNIS and ORR 2009 , MIHOLA et al. 2009 , TANG and PRESGRAVES 2009 , chimeric duplicate genes (WITTBRODT et al. 1989) , repetitive DNA (SAWAMURA and YAMAMOTO 1997) , and gene movement (MASLY et al. 2006) .
However, none of these individual hybrid incompatibility loci causes sterility or inviability on its own. Rather, as DOBZHANSKY (1937) and MULLER (1940 MULLER ( , 1942 first explained, hybrid fitness problems must involve deleterious epistatic interactions that evolve as incidental byproducts of divergence (see ORR 1996) . In the usual depiction of the so-called Dobzhansky-Muller model , an ancestral population with the two-locus genotype aabb splits into two geographically isolated lineages and each fixes new and different substitutions (yielding AAbb and aaBB lineages, respectively); when brought together in hybrids (AaBb), an incompatibility between these substitutions causes hybrid sterility or hybrid inviability ( Figure   1A ). Recent theory shows that the evolution of hybrid incompatibilities should follow some simple rules. For example, hybrid incompatibilities should be asymmetric (i.e., A is incompatible with B, but a should be compatible with b), should often be complex (i.e., involve three or more loci; CABOT et al. 1994 , ORR 1995 , and should snowball with time (i.e., the number of incompatibilities between two populations should increase faster than linearly with divergence; ORR 1995; ORR and TURELLI 2001) .
In Figure 1A , hybrids suffer from an incompatible epistatic interaction between a derived A allele and a derived B allele (i.e., a derived-derived hybrid incompatibility). But as MULLER (1942) pointed out, if both substitutions occur in the same lineage (yielding AABB and aabb lineages; Figure 1B ), then hybrids (AaBb) could suffer from an incompatible epistatic interaction between a derived B allele and an ancestral a allele (i.e., a derived-ancestral hybrid incompatibility). Assuming that all substitutions are independent, so that causative substitutions accumulate in both lineages, theory predicts that derived-derived hybrid incompatibilities should be more common (ORR 1995) . The reason is that derived alleles can be incompatible with both derived and ancestral alleles, but ancestral alleles can only be incompatible with derived alleles (ancestral alleles must be compatible with one another [ORR 1995] ). If, however, substitutions are not independent, the expected relative frequency of derived-ancestral incompatibilities increases. In the extreme case, in which all substitutions occur in one lineage, only derivedancestral incompatibilities are possible (ORR 1995) . There is good reason to believe that the substitutions involved in hybrid incompatibilities are not independent. Imagine, for instance, 6 that two interacting loci coevolve so that substitution of the A allele favors the subsequent substitution of the B allele at an interacting locus (PRESGRAVES and STEPHAN 2007; SCHLOSSER and WAGNER 2008; TANG AND PRESGRAVES 2009 ). This kind of coevolutionary nonindependence will tend to concentrate substitutions among interacting partner loci in one lineage, enriching for derived-ancestral incompatibilities compared to a scenario of independent substitutions.
Data on the relative abundance of derived-derived vs. derived-ancestral hybrid incompatibilities are lacking as few interacting partners have been mapped and characterized.
Incompatible partners causing hybrid lethality have been genetically characterized between D. melanogaster and D. simulans (HUTTER et al. 1990; CARVAJAL et al. 1996; BRIDEAU et al. 2006) , and incompatible partners causing hybrid sterility have been mapped in Drosophila (PANTAZIDIS et al. 1993) (SWEIGART et al. 2006) . However, none has established the species lineage in which the functionally derived alleles at the incompatible partner loci evolved. The hybrid incompatibility identified by MASLY et al. (2006) , who showed that a gene transposition causes Here we characterize the genetics and evolutionary history of a new lethal hybrid incompatibility between D. mauritiana and its sibling species, D. sechellia and D. simulans, three species that diverged nearly simultaneously ~250,000 years ago (KLIMAN et al. 2000; MCDERMOTT and KLIMAN 2008) . Our analysis builds on an earlier genome-wide screen for hybrid incompatibilities between D. mauritiana and D. sechellia in which four hybrid lethal regions were identified, including one near the base of the D. mauritiana X chromosome (MASLY and PRESGRAVES 2007) . In this article we refine the mapping of this X-linked factor, which we call hybrid lethal on the X (hlx), and we map an incompatible partner, Suppressor of hlx (Su[hlx] ), to a small autosomal region. Finally, using comparative mapping, we infer a mostparsimonious history for the evolution of the hlx-Su(hlx) hybrid lethality, which appears to result from a derived-ancestral hybrid incompatibility. These 42 lines were produced by MASLY and PRESGRAVES (2007) and maintained in our lab.
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For each of the 42 tests, we crossed ~10 virgin females heterozygous for the lethal X-linked introgression to ~15 males from each of the 42 autosomal introgressions. Parental adults were transferred every 5-6 days until they ceased to produce progeny. All progeny were scored for sex and eye color.
Molecular markers:
The cytological location for the 2E1 P[w + ]-insert was originally inferred from salivary gland squashes to be in cytological subdivisions 18DE (TRUE et al. 1996) .
The genomic flanking sequences of the P-element (provided by Y. Tao) show that the insert sits in the 5'UTR of the jog locus in cytological bands 18F2-18F4. To map the X-linked hybrid lethal, we used a combination of microsatellite markers and single-nucleotide differences between lines. We used the D. simulans genome sequence to identify candidate microsatellite markers using the Tandem 
Genotyping introgression breakpoints:
We isolated genomic DNA following a single fly extraction protocol from Puregene ® DNA Pufication Kit (Gentra Systems, MI). To genotype microsatellites, we PCR-amplified marker regions using standard protocols and visualized species-specific microsatellite array length differences on a 8% polyacrylamide gel stained with ethydium bromide. To genotype SNP differences, we used TILLING (TILL et al. 2006) following the protocols of the Transgenomic SURVEYOR TM Mutation Detection Kit (Transgenomic, NE). This kit uses a mismatch-specific DNA endonuclease to scan for mismatches in heteroduplex DNA. Briefly, to genotype individual flies using TILLING, we PCR-amplified a marker region, formed heteroduplex DNA, cut the heteroduplex DNA with 11 SURVEYOR endonuclease, and then visualized the digestion products on a 2% agarose gel. As our loci are X-linked, we used different heteroduplex formation steps for the two sexes. CG13865 (we genotyped these exceptional males twice to confirm these results). Assuming that hybrid lethality is complete, these four males suggest that hlx is proximal to CG13865 (20F3-20F4; Figure 3A) . CG13865 is the last, most-proximal gene in the contiguous D. melanogaster (v. 5.1) assembly of the X chromosome. The sequence scaffold bearing CG13865 extends to heterochromatin region h26 (heterochromatin regions in the X are labelled h26-h34; Figure 3B ; gene-poor pericentric heterochromatin of the X chromosome.
To further refine the position of hlx in the heterochromatin, we genotyped 135 introgression chromosomes for SNP differences at the su(f) locus. The su(f) locus lies in scaffold Xhet (GenBank accession number CP00208) which maps to cytological regions h26-h27 but is not currently contiguous with the euchromatic assembly ( Figure 3B ; HOSKINS et al. 2007 simulans. Below, we infer the evolutionary history of the genetic substitutions leading to the hlx-Su(hlx) hybrid incompatibility and then consider the possible genetic basis for hybrid lethality. mauritiana should be robust to uncertainty in the genealogical relationships at these loci ( Figure   5 ).
Evolutionary history of the
Second, if hlx and Su(hlx) are derived in the D. mauritiana lineage, we can say something about the order in which the relevant substitutions occurred. Of the two possible orderings-hlx followed by Su(hlx) or Su(hlx) followed by hlx-only one is allowed by natural selection. The derived hlx mau could not evolve first as it causes lethality in an ancestral Su(hlx) genetic background. In contrast, nothing prevents the derived Su(hlx) mau substitution from evolving first, after which the derived hlx mau can evolve in the permissive Su(hlx) mau genetic background. Thus, regardless of which of the three genealogical histories obtains at the hlx and Su(hlx) loci, the relevant substitutions at both most likely occurred in the D. mauritiana lineage. Once the loci have been identified at the molecular level, we will be able to validate this inferred history using molecular population genetics.
Genetic basis of the hlx-Su(hlx) hybrid lethality: The localization of hlx to the genepoor pericentric heterochromatin of the X raises the possibility that the hlx-Su(hlx) hybrid lethality is caused by something other than an incompatibility between two protein-coding genes.
One possibility is that hlx is a kind of repetitive satellite DNA. mauritiana. This scenario is similar to the JYalpha-mediated hybrid male sterility described by MASLY et al. (2006) . Notably, JYAlpha moved from its ancestral position on the melanogaster causes dominant embryonic lethality of hybrid daughters . Zhr mel maps to region h32 of the pericentric heterochromatin of the X (SAWAMURA et al. 1995, SAWAMURA and YAMAMOTO 1997; ZHIMULEV 1998 (SAWAMURA and YAMAMOTO 1997) . The hybrid lethality of Zhr mel is thus embryonic, dominant, and independent of sex. These properties contrast with the hybrid lethality of hlx mau , which is post-embryonic and either recessive or male-specific (see RESULTS). The different properties of Zhr and hlx suggest that they are different loci or, at a minimum, functionally distinct alleles.
In either case, the mapping of hlx to the pericentric heterochromatin is consistent with an emerging theme: hybrid incompatibilities often involve rapidly evolving heterochromatic elements (SAWAMURA and YAMAMOTO 1997; FISHMAN and WILLIS 2005) and genes whose products interact with heterochromatin (BARBASH et al. 2003; BRIDEAU et al. 2006) . If this trend persists as more hybrid incompatibility factors are identified, it could signal that intrinsic postzygotic isolation typically evolves as a byproduct of genomic conflicts rather than ecology (e.g., HENIKOFF et al. 2001) . Table 1 ). 
Conclusions
